An upflow, partially packed biological aerated filter (BAF) reactor was used to remove nitrogen in the form of ammonia ions by a nitrification process that involves physical, chemical and biological phenomena governed by a variety of parameters such as dissolved oxygen concentration, pH and alkalinity. Dissolved oxygen (DO) and pH were shown to have effects on the nitrification process in this study. Three C:N ratios i.e., 10, 4 and 1 were compared during this study by varying the nitrogen loading while the carbon loading was kept constant at 0.405 ± 0.015 kg chemical oxygen demand m À3 d À1 . The removal efficiencies of ammonia linearly increase with a rise of the initial concentration of ammonia-nitrogen. The results of the 115 days' operation of the BAF system showed that its overall NH 3 -N performance was good, where a removal efficiency of 87.0 ± 2.9%, 89.2 ± 1.38% and 91.1 ± 0.7% and COD removal of 87.6 ± 2.9%, 86.4 ± 2.1% and 89.5 ± 2.6% were achieved for the C:N ratios of 10, 4 and 1, respectively on average, over 6 h hydraulic retention time (HRT). No clogging occurred throughout the period although backwashing was eliminated. It was concluded that the BAF system proposed in this study removed nitrogen by the nitrification process extremely well.
INTRODUCTION
Carbon and nitrogen are major pollution sources that contribute to environmental quality problems all over the world, especially those that mainly cater to treatment of wastewater. The most adverse environmental impacts associated with improper discharge of municipal wastewater containing significant amounts of organic matter (chemical oxygen demand, COD), nitrogen (N) and phosphorus (P) include promotion of eutrophication, toxicity to aquatic organisms and depletion of dissolved oxygen receiving streams (Klees & Silverstein ; Moosavi et al. ) . Nitrate-and nitrite-contaminated water supplies are also related to several diseases such as methemoglobinemia in infants, also known as 'blue baby disease' BAF systems have also been shown to operate successfully at higher hydraulic and organic loading rates (OLR) than activated sludge systems (Mendoza-Espinosa & Stephenson ; Ryu et al. ) . Peladan et al. () reported OLR up to 18 kg COD m À3 day À1 in high-water-velocity BAFs. Although the BAF system has many advantages, it has been difficult to apply for the treatment of raw wastewater, which contains a high concentration of suspended solids.
Several researchers have tested the BAF for ammonia and nitrogen removal (Tay et al. ; Lee et al. ) . A pilot scale fixed-film bioreactor system demonstrates greater waste degradation than traditional technology, e.g., the removal rates for COD were consistently between 80% and 90% at an empty bed HRT of 8 hours for the entire system ( Jou & Huang ) . In addition, successful nitrogen removal in high-strength wastewater was also investigated by Tay et al.
() using a single fixed-bed filter with anaerobic, anoxic and aerobic zones.
A BAF consists of a medium that provides a large surface area per unit volume for biofilm development. The filter media play a significant role in wastewater treatment.
The characteristics of the media are not only related to the initial capital outlay, process design and operation mode of BAFs, but also affect daily running costs like backwashing and air influx (Rozic et al. ; He et al. ) . For the development of biofilm technologies, the BAF has been considered to be a system capable of enhanced biological carbon and nitrogen removal. But the average nitrification rate was reduced when weekly backwashing was applied due to a loss of autotrophic bacteria (Elenter et al. ) .
Most of the cost problems with the BAF are related to backwashing, media, aeration and sludge handling. A partially packed-bed BAF has a lower media cost, saves energy during aeration, requires a lower capital investment for pumping facilities and has a thinner and denser biofilm with better attachment of nitrifiers (Fatihah ) . Studies on the effects of low C:N ratios on carbon and nitrogen removal in BAFs have been done to better understand removal behaviour as the ratio is decreased (Ryu et al. ) . Fixed COD loading was applied to stimulate the growth of autotrophs as autotrophs decrease with the incremental increase of influent COD (Ni et al. ) .
An understanding of the impact of C:N ratio on nitrogen removal wastewater is imperative for optimizing the biofilm reactor. A study by Fatihah () , at a C:N ratio of 24:1, showed that partial nitrogen removal occurred most probably because of a very low concentration of limiting carbon source due to high total organic carbon (TOC) removal efficiency of 92.1 ± 6.5% for full-bed BAF and 90.2 ± 6.3% in partial bed. However, information on the performance of the BAF under various operating and environmental conditions is still lacking.
For this purpose, the studies propose a partially packed upflow BAF process, within which nitrification steps were investigated. The main objective of this paper was to evaluate the effect of different low carbon-nitrogen ratios in synthetic wastewater to remove carbon and nitrogen using a partially packed biological aerated filter without any backwashing process at 30 ± 2 W C and to investigate ammonia-nitrogen removal impacting nitrification parameters.
MATERIALS AND METHODS

Synthetic wastewater
A synthetic wastewater prepared in the laboratory was used to provide a consistent organic substrate for loading. The synthetic feed was formulated by considering the major nutritional requirements for microbial growth including sources of carbon, sources of energy, electron acceptors, nitrogen sources and sources of other major mineral nutrients like sulfur, phosphate, potassium, magnesium, calcium and trace-metal requirements. The composition of the synthetic wastewater, prepared with tap water, is shown in Table 1 .
Operation of BAF and experimental setup
The BAF reactor used in this study was cylinders 1. MnCl 2 4H 2 O 0.5 6.5 6.5 6.5
FeCl 2 6H 2 O 0.5 6.5 6.5 6.5
CaCl 2 2H 2 O 7.5 97.5 97.5 97.5 which was placed at the bottom of the column to provide air to the reactor. The flow rate for the continuous aeration was determined by the air control meter (Model No 0Z0395F, Japan). During this study, air flow was set at 2.5 L min À1 . Air delivered through this system had to provide adequate air supply for biological activity and for mixing within the reactor. Activated sludge from a biological nutrient-removal municipal wastewater-treatment plant was used as a seeding culture, in which the mixed-liquor suspendedsolids (MLSS) value was approximately 2,500 mg L À1 . Activated sludge was used for the seeding process because of its high suspended biomass concentration, which leads to rapid biofilm formation (Mann et al. ) . In this seeding process, the activated sludge was fed daily batchwise with 0.405 ± 0.015 kg COD m À3 d À1 of synthetic wastewater until a high concentration of biomass was obtained and a biofilm was formed on the plastic particles. During the study period, the COD load was set at 0.405 ± 0.015 kg COD m À3 d À1 and the loads of ammonia were investigated based on different C:N ratios as shown in Table 2 .
ANALYSIS
Influent and effluent samples were collected each day from the influent tank and effluent pipe. The samples were analyzed for COD, NH 3 -N, NO 3 -N, alkalinity, suspended solids and MLSS. Chemical analyses were carried out according to standard methods (APHA ). DO, pH and ORP were measured using a DO probe meter, pH meter and ORP probe meter, respectively. All samples were analysed after being filtered through 0.45-μm pore size filter paper.
RESULTS AND DISCUSSION
COD-removal performance
Organic matter, in terms of COD, is one concern in the treatment of wastewater. Therefore, its removal is the focus of a wastewater treatment facility. The removal process was carried out by the microorganisms that grow attached to the filterpacked media. In this study, the COD removal pattern is quite consistent with the loadings and COD-removal efficiency was high at 87.6 ± 2.9%, 86.4 ± 2.1% and 89.5 ± 2.6% with different C:N of 10, 4 and 1, respectively, at 6 h HRT. At a C:N ratio of 24, the carbon removal was also known to be high (TOC removal efficiency of 90.2 ± 6.3% in partial bed) (Fatihah ) . For different C:N ratios, the COD removal efficiency did not vary significantly based on changes of the ratio.
Sales & Shieh () reported that for C:N ratios of 50 and 100 the COD removal efficiency (above 90%) was similar for both ratios for an A/O hybrid bioreactor. However, the COD removal was almost stable during the experimental period.
This trend occurred because of the fully developed biofilm structure inside the reactor on the plastic media.
The high removal efficiency in the experiment was due to the efficient utilization of organic compounds in the aerobic process. In addition, the high removal rate could also be attributed to the complete particulate retention of suspended COD and BOD, high-molecular-weight organics and biomass (Stephenson et al. ) . In this study, suspended solids was found to be high and this resulted in the depletion of COD and nitrogen removal due to competition for oxygen inside the reactor. The attached-growth system does not possess good settling characteristics. COD (kg m À3 d À1 ) 0.405 ± 0.015 0.405 ± 0.015 0.405 ± 0.015 NH 3 -N (kg m À3 d À1 ) 0.184 ± 0.001 0.046 ± 0.001 0.018 ± 0.001 and 3,500 mg L À1 . It was indicated that low MLSS concentrations do not provide for the establishment of an adequate population of nitrifying organisms to perform nitrification.
High MLSS concentrations can result in unacceptable suspended solids concentrations in the effluent. The COD removal rate for BAF reactors was very high throughout the operation, and was unaffected by changes in the MLSS concentration. The results show that the partially packed upflow BAF reactor without backwashing was generally reliable and it had a better treatment capacity at a low C:N ratio with less HRT. Clogging did not occur also because of the low influent load and low sludge production during the operating period.
Carbon-removal performance in this type of system showed improved carbon removal although the C:N ratio was low.
The relationship between the COD loading rate and COD removal is shown in Figure 2 . 
Nitrogen-removal performance
The variation of ammonium-nitrogen (NH 3 -N) in BAF was observed according to the variation of influent of ammonium during the operation period. The average influent loading of ammonium was 0.182 kg NH 3 -N m À3 d À1 , 0.046 kg NH 3 -N m À3 d À1 and 0.018 kg NH 3 -N m À3 d À1 with a C:N of 10, 4 and 1, respectively. In this study, the removal of NH 3 -N was 87.0 ± 2.9%, 89.2 ± 1.3% and 91.1 ± 0.7% with a C:N of 10, 4 and 1, respectively. The study done by Ryu et al.
() proposed a four-stage biological aerated filter system to treat low C:N ratio wastewater with a nitrogen removal of more than 95% for a ratio of TCOD:TKN of 4.3 ± 1.1. when the DO was below 0.6 mg L À1 and the anoxic phase was available at C:N 10 ( Figure 3 ). If oxygen is properly supplied to the reactor with the inlet wastewater, biodegradable organic matter will be consumed in the process of oxygen respiration and thus reduce the amount available for denitrification. But under low DO conditions in the biofilm layer, nitrate also produced by the nitrification process was converted via nitrite to nitrogen gas, which was then evolved from the reactor. Therefore, removal of nitrate can be found in the process (Figure 3) . Figure 5 shows that at the bottom of the filter pH increase brings about an increase of free ammonia concentration at 30 ± 2 W C according to Equation (1 Free ammonia concentration depends heavily on pH based on the following equation:
where K a is the ammonia constant and K w is the water ionization constant. The hydrolysis of ammonia reaction constant is dependent on temperature:
Effect of DO, pH and alkalinity on nitrification incomplete nitrification occurred, which led to a build-up of ammonium within the BAF (due to the insufficient aeration time to convert the ammonia to nitrate). Zhu & Chen () reported that it was more important to maintain sufficient DO in the fixed film process than in the suspended growth processes due to the nature of diffusion transport with fixed film. Figure 6 shows that the nitrification rate increased along with a rise of DO concentration. The influence of DO on the nitrification process indicated that for 1 mg L À1 changes in DO in an aerobic reactor 10% removal of ammonia-nitrogen was achieved when the DO range was 0.48-0.98 mg L À1 in this study. According to the results, the nitrification rate improved with an increase of DO up to 3.7 mg L À1 and decreased above 4.0 mg L À1 , which shows that over-aeration leads to a reduction in the nitrification efficiency because of detachment of the biofilm from the plastic media. In order to achieve an NH 4 -N removal of above 60%, the dissolved oxygen concentration in the aerobic system should be maintained above 1 mg L À1 (Hsu & Chiang ) . It is generally known that a DO concentration above 1 mg L À1 is essential for nitrification; if the DO level is lower, oxygen becomes the limiting factor and nitrification slows. Since DO acts as an electron acceptor in the biochemical reaction, its concentration is necessary in the reactor at the time of the nitrification process.
Based on the available information, a suitable range of DO concentrations required to reliably achieve nitrification is between 2 and 4 mg L À1 in order to prevent the possibility of oxygen limitation and to enhance ammonia removal.
Alkalinity and pH profile
Alkalinity is important not only for nitrification but also to indicate system stability. The decrease in pH is caused by the removal of ammonia from the system, and ammonia was also strongly correlated to the alkalinity of the wastewater. The end of alkalinity consumption in the wastewater was indicated by the complete removal of ammonia. The relationship between alkalinity (total alkalinity, in CaCO 3 ) and the NH 3 -N removal efficiency is shown in Figure 7 . It can be seen that the nitrogen removal rate was enhanced with an increase of alkalinity. The alkalinity affecting nitrification and the nitrogen removal rate improved with an increase of alkalinity when the wastewater's alkalinity to NH 3 -N ratio is less than 8.85 (Sakairi et al. ) ; however, this study shows the average ratio to be 2.10. Gujer & Boller () also reported that in nitrifying biofilters used in municipal wastewater treatment, an alkalinity level of at least 75 mg L À1 was needed to maintain maximum nitrification rate. The result shows that the average alkalinity concentration was 93 mg L À1 during the entire period of this study. Therefore, sufficient alkalinity must be available in order to achieve complete nitrification, and operators must continuously monitor this parameter to achieve at least 100 mg L À1 of alkalinity in the wastewater effluent.
The impact of alkalinity on the nitrification rate is related to the pH. It has been reported that the pH of wastewater should be maintained between 6 and 9 to protect organisms (Akpor et al. ) . In a study on the pH effect upon the nitrification efficiency in an upflow biofilter, it was reported that nitrification efficiency showed a linear increase of 13% per unit pH increase from pH 5.0 to 8.5 (Villaverde et al. ) . The study also showed that the ammonia-nitrogen removal increased linearly with the raise of pH value with an R 2 of 0.72 (data not shown here). Figure 8 shows the NH 3 -N removal increasing from 
